Power ratios were derived from the principle of ultrasonic Doppler velocimetry to determine a ratio of the volume of vortices to the total vessel volume under the ultrasonic beam. This ratio also equals the ratio of the cross-sectional area of vortices to the vessel lumen. In vitro pulsatile flow experiments were performed in a Reynolds number range of 1,230-4,320 with axisymmetric constrictions with area reductions of 55%, 65%, 70%1, and 85% to model carotid stenosis. Flow separation downstream from the model stenoses was detected, and the power ratio fluctuated when vortices with the forwardand reverse-flow velocity components passed by the measurement position. The power ratio estimated the degree of stenosis within 10% of error. Ensemble average of the power ratio was computed to obtain the statistically averaged separated flow region. The moving flow reattachment point was revealed downstream from the 85% stenosis at a Reynolds number of 900. (Circulation Research 1990;67:166-174) Stroke is one of the leading causes of death in many countries. Early detection of carotid stenosis can prevent transient ischemic attack or stroke caused by cerebral emboli from carotid plaques. X-ray angiography is considered the standard diagnostic technique, but it is invasive. The ultrasonic Doppler velocity meter is noninvasive and therefore safer. Flow separation and reverse flow have been clinically observed.' Clinicians have observed high maximum Doppler shift frequencies and spectral broadening in patients with angiographically documented carotid artery stenoses.1-5 The spectral broadening index has also been investigated extensively using an in vitro model. 6 Historically, physicians detected bruits or murmurs associated with the carotid stenosis. These sounds were considered to originate from turbulence created by blood flow across the stenosis. Lees and Dewey7 have quantitatively studied this phenomenon and obtained frequency contents of the sound to derive a break frequency that is applied to the Strouhal number computation. A fluid mechanical relation exists between an obstruction dimension and the frequency of vortex shedding.8 Downstream from a cylindrical obstruction in two-dimensional channel From the flow, flow separates from the boundary, and vortices are created when the Reynolds number is sufficiently high. Vortices, however, tend to shed downstream periodically as flow velocity and the Reynolds number are increased (Karman vortex shedding). Phonoangiography, spectrum analysis of sound caused by turbulent flow, has been only partially successful in quantifying the degree of stenosis,79 partly because the Strouhal number is not constant and is a function of the Reynolds number and perhaps because blood flow is three-dimensional.
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Power ratios were derived from the principle of ultrasonic Doppler velocimetry to determine a ratio of the volume of vortices to the total vessel volume under the ultrasonic beam. This ratio also equals the ratio of the cross-sectional area of vortices to the vessel lumen. In vitro pulsatile flow experiments were performed in a Reynolds number range of 1,230-4,320 with axisymmetric constrictions with area reductions of 55%, 65%, 70%1, and 85% to model carotid stenosis. Flow separation downstream from the model stenoses was detected, and the power ratio fluctuated when vortices with the forwardand reverse-flow velocity components passed by the measurement position. The power ratio estimated the degree of stenosis within 10% of error. Ensemble average of the power ratio was computed to obtain the statistically averaged separated flow region. The moving flow reattachment point was revealed downstream from the 85% stenosis at a Reynolds number of 900. (Circulation Research 1990;67:166-174)
Stroke is one of the leading causes of death in many countries. Early detection of carotid stenosis can prevent transient ischemic attack or stroke caused by cerebral emboli from carotid plaques. X-ray angiography is considered the standard diagnostic technique, but it is invasive. The ultrasonic Doppler velocity meter is noninvasive and therefore safer. Flow separation and reverse flow have been clinically observed.' Clinicians have observed high maximum Doppler shift frequencies and spectral broadening in patients with angiographically documented carotid artery stenoses.1-5 The spectral broadening index has also been investigated extensively using an in vitro model. 6 Historically, physicians detected bruits or murmurs associated with the carotid stenosis. These sounds were considered to originate from turbulence created by blood flow across the stenosis. Lees and Dewey7 have quantitatively studied this phenomenon and obtained frequency contents of the sound to derive a break frequency that is applied to the Strouhal number computation. A fluid mechanical relation exists between an obstruction dimension and the frequency of vortex shedding.8 Downstream from a cylindrical obstruction in two-dimensional channel flow, flow separates from the boundary, and vortices are created when the Reynolds number is sufficiently high. Vortices, however, tend to shed downstream periodically as flow velocity and the Reynolds number are increased (Karman vortex shedding). Phonoangiography, spectrum analysis of sound caused by turbulent flow, has been only partially successful in quantifying the degree of stenosis,79 partly because the Strouhal number is not constant and is a function of the Reynolds number and perhaps because blood flow is three-dimensional.
Researchers continued to investigate this phenomenon using flow-sensing devices instead. Energy spectra were obtained from a hot film anemometer signal, and the Strouhal number data were obtained in poststenotic flow in steady and pulsatile flows.l0 Giddens and Khalifall have derived energy spectra of the instantaneous turbulent flow velocity obtained by an ultrasonic pulsed Doppler velocity meter using a phase lock loop system of the laser Doppler anemometer. Vortex shedding was detected using the ultrasonic Doppler velocity meter,'2 and then vortex shedding frequency was determined by temporal changes of radial flow measured in the Doppler spectrum using a Doppler incident angle of 90°in an in vitro model study.'3 Subsequently, the same method was applied to in vivo conditions. '4 This study will describe the detection of vortex shedding in pulsatile flow and will also present a power ratio that directly determines a ratio of the volume of vortices to the vessel volume under the ultrasonic beam. Ensemble averaging will be applied velocity'9 and continuity of flow applied to the separated flow as follows:
(1) VS to the power ratio to examine the nature of flow separation in pulsatile flow.
STENOSIS SEPARATED FLOW

Vortices and the Degree of Stenosis
Vortices downstream from an obstruction are known to exist for some flow conditions and can be as large as the size of the separated flow if flow is laminar. Vortices, however, can break up into many smaller vortices, and flow becomes transitional or turbulent ( Figure 1 ) if the Reynolds number is sufficiently high. Therefore, an estimate of the degree of stenosis based on the size of a single vortex may significantly differ from the actual degree of stenosis. Consequently, the use of the Strouhal number for the estimation of the vortex size and thus the degree of stenosis is indirect and sometimes inaccurate. The separated flow may involve a large vortex or many smaller vortices or both, depending on the state of the flow. Thus, the total volume of vortices immediately downstream from the stenosis may be better correlated with the degree of stenosis than the size of a single vortex. Power Ratio-S (Separated Flow)
The power of ultrasonic Doppler shift signals has been found to be proportional to the volume of moving blood under a uniform ultrasonic beam in the sample volume.15,16 Thus, mean Doppler shift frequency has been found to be proportional to mean flow velocity in a vessel. A uniform ultrasonic beam was assumed for these principles of the Doppler velocimetry as well as for this present study. An integral of the power spectrum over some frequency range determines the volume of fluid with the corresponding flow velocity range. Vortices in poststenotic flow involve simultaneous forwardand reverse-flow velocities; thus, the Doppler shift signals for forward and reverse flows must be independently obtained using the directional Doppler velocity meter. 17, 18 To determine the volume of vortices, velocities of the vortices must be identified and separated from the center jet. First, reverse-flow velocities of the vortices are easily identified. Second, forward velocities of the vortices must be separated from the forward velocities of the center jet because the center jet is also composed of forward-flow velocities. This separation can be achieved in terms of Doppler spectra by the introduction of the shear-layer
where A is the cross-sectional area; Vf is the forwardflow velocity, O<Vf; V, is the reverse-flow velocity, Vr<O; Af is the cross-sectional area of forward flow, O<Vf<Vs (the shear-layer velocity between the center jet and the separated flow); and Ar is the crosssectional area of reverse flow, -X <Vr<O.
Vs is also the maximum forward flow velocity in the separated flow ( Figure 1 
where f is the Doppler shift frequency, Sf(f) is the power spectrum density for forward-flow velocity and thus for f>O, and Sr(f) is the power spectrum density for reverse-flow velocity and thus for f<O.
fs is maximum Doppler shift frequency in the separated flow and is proportional to Vs by the Doppler equation
where fe is the transmitting frequency of ultrasonic waves, V is the flow velocity, 0 is the Doppler incident angle, and c is the speed of sound in the medium.
The separation of vortices in the separated flow from the center jet is now achieved using Equation 2. As described by Tamura and Fronek,20 the total fluid volume and the volume of vortices under the ultrasonic beam are obtained as follows:
where k is a constant. Dividing Equation 4 by Equation 5 eliminates k, and the power ratio-S (separated flow) is obtained as follows: volume of vortices total fluid volume Jfs 0 
where AV(z) is the cross-sectional area of vortices, AT(z) is the cross-sectional area of the vessel and constant AT, Rv(z) is the ratio of cross-sectional areas of vortices to the vessel lumen w is the ultrasonic beam width in flow axial direction, and z is the flow axis. The power ratio-S thus determines a ratio of the volume of vortices to the total fluid volume under the ultrasonic beam. Equation 9 implies that the power ratio-S also determines an average ratio of crosssectional areas oI vortices to the vessel lumen over the width of the ultrasonic beam in the flow axis direction. fs in Equation 6 is obtained using Equation 2 in this study.
The Doppler velocity meter is implemented with a high pass filter to minimize large noises caused by vessel wall motions, and thus the Doppler velocity meter has low sensitivities for slow flow velocities. The separated flow involves forward and reverse flows and therefore also includes very slow velocities that may not be detected by the Doppler velocity meter. Therefore, a maximum power spectrum density originated from the separated flow is used as a constant power density near 0 Hz in Equation 6 to compensate for high pass filtering of the Doppler velocity meter (power ratio-C).
Power Ratio-R (Reverse Flow)
A ratio of the volume of reverse flow velocities of the vortices to the total fluid volume under the ultrasonic beam can also be determined as follows:
where RR(Z) is the ratio of cross-sectional areas of reverse flow to the vessel lumen. The power ratio-R thus determines an average ratio of cross-sectional areas of reverse flow to the vessel lumen over the width of the ultrasonic beam in the flow axis direction. Because this ratio does not require the separation of the forward-flow Doppler spectrum of vortices from the center jet Doppler spectrum, the power ratio-R can be obtained on line from independent forwardand reverse-flow Doppler shift signals by the electronics circuitry shown in Figure 2 . The independent Doppler shift signals17,18 for forward and reverse flows are fed to the root mean square (RMS)-DC converters, and the output is then squared. The output of the squarer for the reverseflow channel is then divided by the summation of the outputs from the two squarers, and the circuitry computes the power ratio-R as in Equation 10 . The output stage is implemented with an integrator so that ripples are eliminated. The output, therefore, yields a limited frequency response and is called the analog signal to distinguish it from the power ratio-R. An advantage of the analog signal over the power ratio-R is that it is a real-time signal. Because the power ratio-R is roughly half of the power ratio-S, the analog signal may be used to estimate the power ratio-S and further the degree of stenosis on line. (Figure 4 ). Lengths of all the constrictions were 20 mm with a tapering of 410 at each side. Area reductions of the stenoses were 55%, 65%, 70%, and 85%. The dimensions of the constrictions are listed in Table 1 . The shape of the constrictions was the same as previously used.19'20'23'24 A similar stenosis model also has been used in a flow visualization study.25 Ultrasound was transmitted from the transducer to the model vessel in the agar mold. The fluid was constantly stirred by the magnetic stirrer. The collateral flow was used to controlflow rate in the model artery.
Pulsed Doppler Velocity Meter
A pulsed ultrasonic Doppler velocity meter was developed in our laboratory to meet the requirements for this study. The transmitting frequency was 5.2 MHz, and the pulse repetition frequency was 32.5 kHz with a signal-to-noise ratio of 30 dB. A wideband audio 900 phase shifter26 was used to separate the forward-flow Doppler shift signals from the reverse-flow Doppler shift signal.17"8 The channel separation was 40 dB. Low-pass filters of 12 kHz and high-pass filters of 100 Hz were implemented in the Doppler velocity meter to minimize unwanted noise. The sample volume was sufficiently large to cover the whole vessel lumen to obtain ultrasonic Doppler signals scattered from all the lumen of the vessel. The dimensions of the ultrasonic transducer crystal were 6 x 3 mm. A beam pattern of a transducer of the same model has been obtained. 27 Refraction due to the two interfaces between water and the outer wall of the vessel, and between the internal wall of the vessel and the fluid, compensated each other.19 Therefore, the ultrasonic beam distortion was assumed to be negligible.
Data Reduction
Doppler shift signals, the electromagnetic flowmeter output, and the analog signal described in the previous section were recorded on a tape recorder (model D, A.R. Vetter Co., Rebersburg, Pa.). FM channels were used for the electromagnetic flowmeter output and the analog signal, and direct channels for the Doppler shift signals. Recorded data were digitized by a 12-bit analog-to-digital converter (DT2801-A, Data Translation Inc., Marlboro, Mass.) interfaced with an IBM PC-AT microcomputer. The sampling frequencies were 27.5 kHz for the Doppler shift signals and 1 kHz for the electromagnetic flowmeter signal and the analog signal. An external trigger signal recorded on the tape was used to trigger digitizing of multiple channels of signals and thus to synchronize all the digitized data. A Hanning window was first applied to the Doppler shift signals, and a 256-point fast Fourier transform was obtained every 9.28 msec.
Ensemble averaging28 was performed on the analog signal as well as on Doppler power spectra because the separated flow was not stationary in pulsatile flow, and vortices were apparently shed downstream from the separated flow region. Ensemble averaging averages data from the same flow field at the same cardiac phase of multiple pulses, eliminating fluctuations from turbulent flow and from stochastic variation of the Doppler shift signal. An ensemble average of the analog signal or the power ratio-R was computed every 1 msec to analyze a statistically averaged separated flow and to give some insight into the nature of separated flow regions for every phase of the cardiac cycle. Ensemble averages of the Doppler power spectra were also obtained because the ensemble-averaged spectra may give some insight into the overall frequency distribution of the Doppler shift signals. Ensemble averaging was triggered when the first derivative of the electromagnetic flow signal reached 70% of its peak value. This method ensured an accuracy of 10 msec. The average of the analog signal for 29 cycles was computed every 1 msec throughout the cardiac cycle. The average of the power spectra for nine pulses was computed every 9.28 msec.
Results
Doppler Power Spectrum
Pulsatile flow with physiological velocity waveforms at a heart rate of 60 beats/min was created. The Womersley number, R(2ir f/v)1J2, of the fundamental wave of the pulse was six, where R is the tube radius, f is heart rate, and v is the kinematic viscosity of the fluid.
A three-dimensional plot ( Figure 5 ) ofthe ensembleaveraged Doppler spectra zero diameters downstream from the 85% stenosis demonstrates that power spectrum densities in the middle of the frequency range at peak systole are very small compared with those around 6 kHz or between -2 and 2 kHz. Peak flow velocity was 15 cm/sec with a Reynolds number of 1,850 in the stenosis. Negative frequencies appear to be balanced by positive low frequencies as in Equation 2. Figure 6 shows an individual, unaveraged Doppler power spectrum two diameters downstream from the 85% stenosis. Flow conditions were the same as those in Figure 5 . Mean frequencies of Doppler shift spectra for forward flow alone, and for (V 0 FIGURE 5. Three-dimensional plot of the ensemble-averaged Doppler spectra zero diameters downstream from the 85% stenosis throughout a cardiac cycle. Peak mean flow velocity was 15 cm/sec with a Reynolds number of 1,850 in the stenosis. Reverse Doppler spectra were significant and balanced by low forward frequencies in systole. 6 . An individual, unaveragedpower a spectrum two diameters downstream from the 85% stenosis. Flow conditions same as Figure  5 . Mean frequencies of the Doppler spectra (forward flow only, forward and reverse flows together) are also shown to indicate the time at which the power spectrum in the upper panel was obtained.
TIME (secondS)
forward and reverse flows together, are presented in the lower panel to indicate the time at which the Doppler power spectrum in the upper panel was obtained (marked by the vertical line). The power spectrum shows significant negative frequencies with high power densities. The negative frequencies appeared to be balanced by positive frequencies of 0-2 kHz. The Doppler shift frequency fs for the shear-layer velocity Vs in Figure 1 was computed using Equation 2 and was found to be approximately 3 kHz. Frequencies near 0 Hz have low power spectrum densities because of the high-pass filtering of the Doppler velocity meter. The power ratio-C, a modified form of the power ratio-S, was computed using fs. A peak power spectrum density at 700 Hz, which was the second maximum power spectrum density originated from the separated flow, was used to substitute for low power spectrum densities near 0 tn U) 4 (0 N Hz in both positive and negative frequencies. A peak at -1 kHz was not used because it seemed unlikely that power densities near 0 Hz would be as high as the peak. If a power spectrum density to be replaced was higher than the power density at 700 Hz, this substitution was stopped. Using these modified power densities near 0 Hz, fs was again computed, but the difference was very small. The power ratio-C was computed this way every 9.28 msec.
Power Ratio
The power ratio-C curve two diameters downstream from the 85% stenosis is shown in Figure 7 . The electromagnetic flowmeter signal is also shown to indicate the cardiac phase. Flow conditions were the same as those in Figures 5 and 6 . Peaks of the power ratio-C vary around 85% during the systolic periods. The power ratio-C curve zero diameters FIGURE7. Powerratio-Candmeanflowvelocity waveforms two diameters downstream from the 85% stenosis. Figure 8 . Peak flow velocity was 30 cm/sec, and the Reynolds number in the stenosis was 2,600. Peaks of the power ratio-C vary around 70% during the systolic periods. The fluctuation of the power ratio-C was caused by vortices shedding downstream from the separated flow region under the ultrasonic beam. Figure 9 summarizes estimation of the degree of stenosis by the power ratio-C. The power ratio-C estimated the actual stenosis degree within 10% of error if measured within zero to two diameters downstream from the stenoses.
Ensemble-Averaged Analog Signal (Power Ratio-R)
The ensemble average of the analog signal (power ratio-R) for the duration of 29 cardiac cycles was obtained to gain some insight into the nature of the separated flow. Figure 10 shows the ensembleaveraged analog signal (lower curve) synchronized velocity was higher at this downstream position and under these flow conditions. The ensemble-averaged analog signal was plotted against the downstream position in Figure 12 at 0.05, 0.20, and 0.35 seconds. As previously described, the ensemble-averaged signal represents the ratio of cross-sectional areas for reverse flow to the total vessel lumen. Therefore, the separated flow region extended to five diameters downstream at 0.05 second in the acceleration phase, and then the flow reattachment position moved closer to the stenosis when flow velocity was higher. In the deceleration phase, the separated flow region moved back to the position at 0.05 second. The Reynolds number at 0.05 second was 900 in the stenosis. Similar data were obtained for the other stenoses at the Reynolds number of roughly 1,000 although the data were not as significant as the data presented here that show that the analog signal decreased in the acceleration phase. Discussion B-mode ultrasonic imaging represents an important technique of noninvasive diagnosis of vascular diseases. The ultrasonic imaging may, however, suffer from "acoustic shadowing" caused by vessel calcification. 29 In addition, soft plaques and thrombi with acoustic impedance similar to that of blood can also cause false negative results.30'3' B-mode imaging was also found less reproducible than angiography. 32 The use of maximum Doppler shift frequency and spectrum bandwidth without normalization can suffer from the Doppler angle dependency as in Equation 3, as well as from physiological variation of blood flow in humans. Brown et a122 have used a normalization technique for the spectral broadening index to eliminate the angle dependency. Maximum frequency increases with decreasing Doppler incident angle as in Equation 3 . Maximum frequency in vivo is, however, limited not only by velocity distributions but by other factors, such as ultrasound dissipation in the tissue; reflection (i.e., critical angle) and refraction from the vessel walls; and the acoustic interfaces between the transducer and ultrasound gel, skin, soft tissue, vessel wall, and blood.
Ku et a133 have cautioned against the use of Doppler spectrum broadening as an index to evaluate the degree of stenosis. Spectrum broadening can be caused by factors unrelated to the stenosis, such as measurement sites, velocity gradients within the sample volume, and the size of the sample volume. These factors are so significant that spectrum changes due to flow disturbances and turbulence can be smeared out.
In this in vitro flow study, tygon tubing was used as the model vessel although some investigators used a quartz glass tube34 or acrylic tubes with an internal diameter of 4.8 mm and wall thickness of 1.6 mm. 6, 35 Power ratios were derived from the principle of the ultrasonic Doppler velocimetry to determine a ratio of the volume of vortices to the vessel lumen under the ultrasonic beam. Independent forward-and reverse-flow Doppler shift signals were used to compute the power ratio, which then estimated the degree of stenosis in the experiment. Vortex shedding was observed as the power ratio fluctuated when the blood volume ratio changed, for example, when vortex with the forward-and reverse-flow velocity components passed by the measurement position. Nevertheless, the power ratio accurately estimated the degree of stenosis within 10% of error when vortices were at the measurement position.
The ensemble-averaged power ratio revealed the moving flow reattachment point downstream from the 85% stenosis. The corresponding Reynolds number was 900. Back Reynolds number in steady flow. The data showed a transitional phase in the Reynolds number range of 300 to 1,000. In this range, flow reattachment length decreased significantly with increasing Reynolds numbers. The data of the ensemble-averaged power ratios, therefore, seemed to correspond to the transitional flow.
